Introduction
Energy homeostasis is a multi-faceted cellular process, responsible for the integration of regulation and feedback loops that govern the dynamic and intricate interplay between energy intake, storage and utilisation. Current evidence suggests a reciprocal relationship, of information exchange, between energy homeostasis and the circadian system. The circadian system, to which metabolic signals impose regulatory control, operates to coordinate energy mobilisation with diurnal changes in the environment [1] responding to feeding and activity levels. This regulatory system comprises an array of peripherally located clocks, in addition to the central clock of the suprachiasmatic nucleus (SCN) [2] . The SCN, located in the ventral hypothalamus, acts as the point of integration for these peripheral signals with light-dark information derived from the visual system [3] . In so doing, it effects their synchronisation.
A number of studies have suggested that disruption of the circadian system, also known as chronodisruption, may lead to obesity [4] . Consistent observations from different cohorts across the world, including northern and Mediterranean countries, showed that the important metabolic risk variables of obesity, raised triglyceride concentrations, and low HDL cholesterol concentrations were more common in shift workers than in day workers, even after adjustment for age and socioeconomic status [5, 6] .
The molecular basis of the circadian cycle has been defined over the past twenty years [7] . Diurnal rhythmicity is achieved through a series of transcription-translation regulatory feedback loops [8] with positive and negative arms. A central component of the circadian cycle is Arntl (also known as Bmal1), a protein which heterodimerizes with Clock in the cytoplasm [9] . This complex then translocates to the nucleus where it binds with E-box elements to regulate gene transcription [10, 11] .
Animal models demonstrate that, of these clock components, only universal disruption of Arntl [12] leads to a complete loss of both molecular and behavioural circadian rhythmicity [13] , which in turn results in altered energy expenditure [14] . Additionally, mouse models have demonstrated that Arntl is integral to tissue specific peripheral clocks, and that these clocks can also play an essential role in the regulation of energy homeostasis. For example, liver specific deletion of Arntl results in aberrant buffering of circulating glucose [15] .
Recently, we described a mouse model with an adipose tissue specific deletion of Arntl [16] . Detailed phenotyping, including lipidomic and transcriptional study of epididymal white adipose tissue and systemic metabolism in the form of blood plasma demonstrated the importance of the circadian rhythm as a modulator of the adipocyte-hypothalamic axis and its impact on body weight. Both short-term and long-term signals took part in the regulation of energy homeostasis: short-term changes had an immediate effect on food intake rhythmicity, which lead to an increase in body weight in the longer term.
To extend the results found in our previous study, we have examined metabolic changes in two other adipose tissue depots to examine how adipose tissue specific deletion of Arntl influences spatial disparity of function amongst fat stores. Specifically, we have used a combination of metabolomics and lipidomics to characterise and compare anterior subcutaneous white adipose tissue (ASWAT) and brown adipose tissue (BAT), demonstrating that Arntl has an important role in regulating metabolism in both tissues, and the responses are markedly different between white and brown adipose tissue.
Results

Lipidomics of ASWAT demonstrates Arntl ablation profoundly effects triglyceride metabolism
We have previously demonstrated that Arntl ablation in adipose tissue alters the lipidomic profile of epididymal adipose tissue, particularly in terms of triglycerides containing polyunsaturated fats. However, other fat depots were not explored. Figure 1B) . The observed changes demonstrated an increase in triglycerides containing short saturated fatty acids in the KO mice. In Figure 1C , points and no changes in the control mice. This suggests that in ASWAT, the fraction of triglycerides being synthesised or hydrolysed is relatively small compared to the total triglyceride content. This is possibly due to the function of the subcutaneous adipose playing a much smaller role in energy storage/release compared to the epididymal adipose tissue previously measured.
To investigate further the lipid composition, we performed a gas chromatography flame ionization detector (GC-FID) analysis to examine the total fatty acid content of the tissue. Clear discrimination was evident on a PLS-DA plot between the profiles from control and Ad-Arntl −/− mouse tissue ignoring time differences in this analysis (2 latent variables from cross validation, R 2 X=37.4%, R 2 Y=90.4%, Q 2 =82.6%), confirming the importance of Arntl in the regulation of fatty acid metabolism (Figure 2A) . The major metabolic changes that drive this separation were differences in the tissue composition of saturated and mono-unsaturated-fatty acids, with increased concentrations of saturated fatty acids (in particular C17:0, C16:0 and C18:0) in the Ad-Arntl −/− mice tissue and decreases in mono-unsaturated fatty acids (in particular C16:1, C14:1 and C17:1) ( Figure 2B and Figure 2C ). Furthermore, these changes were also apparent when comparing wild type and AdArntl −/− at individual time points (Table S2) . Unlike for the analysis of intact lipids, no model was successfully built comparing different time points in the same genotype for changes in total fatty acid analysis. This may be due to a possible buffering role of Arntl in ASWAT, or a relatively low turnover of triglycerides compared to total triglyceride content.
In summary, the analysis of ASWAT confirms the differences in lipid composition between controls and Ad-Arntl −/− mice tissues, shown previously in epididymal white adipose tissue (16 These results are consistent with the previous findings from the analysis of the intact lipids, demonstrating that in BAT the length of the fatty acid chain is the important factor in differentiating the lipid composition of the two mice strains. Again, the relative proportions of the fatty acids were compared ( Figure 4C ). While the length of fatty acid discriminated between the mouse genotypes, no differences in saturated and monounsaturated fatty acids were detected between Ad-Arntl −/− and control mice in BAT, unlike described above in ASWAT.
The systematic comparison between all the possible pairs of tissues is summarised in Table S4 . Again, Ad-Arntl −/− and control mice tissues were successfully discriminated when considering the individual time points. More subtle changes were present in lipid composition of the BAT across time, compared to ASWAT, as demonstrated by the number of models that it was possible to build between different time points belonging to the same genotype. However, no model was built considering day/night grouping either in the control or in the Ad-Arntl −/− mice, suggesting that fatty acids composition is regulated in a more complex way.
BAT plays a very different role in terms of systemic metabolism compared with WAT. While WAT contributes to energy homeostasis by acting largely as a store of fatty acids, BAT is a specialized tissue for energy expenditure, and in particular in adaptive thermogenesis, a physiological process during which energy is dissipated in response to environmental changes, including cold and increased consumption of dietary fat. The tissue contains high concentrations of mitochondria and as a result, a number of metabolites from the citric acid cycle and core metabolism. NMR spectroscopy of the aqueous fraction of BAT extracts was carried out to address in greater detail whether there are changes in these metabolic processes. Again, a PLS-DA plot revealed a clear separation ( Figure 5A) Figure 5B).
Again, a systematic comparison between the two genotypes at individual time points was carried out (Table S5) . Ad-Arntl −/− and control mice tissues were successfully discriminated by these aqueous profiles. Furthermore, changes in the aqueous metabolites across time are present, as indicated by the number of models that it was possible to build between different time points belonging to the same genotype. The analysis of the models built considering the different time points demonstrated variation associated with the day/night cycle, as suggested by the successful separation between the night (T0 and T18) and the day (T6 and T12 and glycerol (p=0.00027) across time ( Figure 5C , 5D and 5E).
In summary, the analysis of BAT tissue demonstrates that Arntl also has a profound impact on metabolism in this tissue as well as white adipose tissue, as proved by the different metabolic profiles of the two genotypes. Deletion of Arntl was associated with a general decrease in fatty acid chain length in triglycerides, in contrast to ASWAT tissue where there was a reduction in the degree of unsaturation. Differences across the time points in the day/night cycle are found in both strains considering both fatty acid and amino acid/central metabolism. The changes associated with the day/night circadian rhythm appear more pronounced in the Ad-Arntl −/− mice compared to controls, suggesting Arntl provides a homeostatic role, maintaining the composition of BAT despite changes in systemic metabolism associated with the day/night cycle.
Discussion
The two types of adipose tissues analysed here play very different roles in the body, with white adipose tissue contributing to energy homeostasis by acting as a store of energy and a rheostat for its release. Additionally, white adipose tissue acts as a barometer of energy storage, secreting leptin and other adipokines [17] and releasing fatty acids [18] into the circulation which signal adipose energy levels to the hypothalamus. The hypothalamus can then modulate energy intake and expenditure accordingly. We have previously found how Arntl influences this hypothalamus/white adipose tissue axis and influences weight gain [16] . Although both types of white adipose tissue are important storage sites for fat, they are functionally distinct, with ASWAT also playing important roles in insulation and tissue support. Moreover, subcutaneous, but not epididymal white adipose tissue may develop brown like adipocytes capable of thermogenesis in response to cold and adrenergic signalling [19] . BAT, on the other hand, is specialized for energy expenditure and in particular adaptive thermogenesis, a physiological process during which energy is dissipated in response to environmental changes such as cold exposure and high fat feeding by short circuiting oxidative phosphorylation using UCP1 [20, 21] . While central to temperature homeostasis in rodents and babies in humans, it has also been found to be significant in terms of energy expenditure in adult humans [22, 23] . Recent studies have demonstrated that it is involved in triglyceride clearance and glucose disposal [24] , serves as a source of adipokines [25] , and possesses distinct inflammatory function role comparable with WAT [26] . Furthermore, it may provide an important target for increasing energy expenditure and reducing obesity and improving insulin sensitivity.
The data presented in the current study are consistent with a peripheral circadian clock playing a central role in metabolic regulation of both brown and white adipose tissue in rodents. Analysis of ASWAT confirms our previous findings in the epididymal white adipose tissue that white adipose tissue from AdArntl −/− mice differs in its lipid composition from controls as a result of the adipocyte specific disruption of the circadian clock [16] . The specific lipids changing are consistent with the observations reported in Paschos et al [16] , where a decrease in the in the expression of genes responsible for the elongation (Elovl6) and desaturation (Scd1) of fatty acids were measured in Ad-Arntl −/− mice. The reduction in the expression of this desaturase gene was also described to be decreased in expression in the global and conditional Bmal-1
mice, showing that Scd1 is partly under the control of Arntl at the whole organism level too [27] . Interestingly, it has been shown that the functional circadian clock in Drosophila appears to regulate the synthesis of pheromones by controlling the transcription of desaturase1, a gene required for the insertion of the double bonds in the phermones [28] . In addition the time trend for these lipid changes does not show dramatic differences across the day/night cycle, in agreement with a role of this tissue as "storage", suggesting that changes occur across a long time span, more than in short cycles.
Analysis of BAT also demonstrated differences between the two strains, involving both lipid and aqueous metabolites, underlying the importance of Arntl gene in regulating central metabolism, energy expenditure and lipid mobilisation. In this case, the dominant factor in differentiating the lipid composition of the two genotypes is the increased proportion of shorter chain fatty acids in Ad-Arntl −/− mice compared to controls, in particular palmitate (16:0), suggesting a reduced oxidation rate of the fatty acids in the knockout mice. Furthermore, palmitate is the end product of de novo lipogenesis in liver and adipose tissue. The increased palmitate may reflect a mechanism to dispose of excess carbohydrate in the Ad-Arntl −/− mice, as a result of the global increase in obesity and alterations in white adipose tissue function as we previously reported [16] . Contrary to the results from ASWAT, in BAT differences in the day/night cycle were clearly detectable as would be expected given the dynamic metabolic role of BAT.
In addition to the lipid analyses performed by mass spectrometry, NMR spectroscopy demonstrated changes in the aqueous metabolites of BAT. NMR spectroscopy has previously been used to follow aqueous metabolite changes in urine associated with the diurnal cycle [29] . In the present study, the concentration of taurine is significantly decreased in the Ad-Arntl -/-mice. This metabolite serves as a conjugation substrate for bile acids and certain other compounds, increasing their polarity and aqueous solubility, is involved in the solubilisation of lipids in the cytosol and is positively correlated with mitochondrial function in the skeletal muscle and the heart [30, 31] . The decrease in taurine may reflect mitochondrial dysfunction which could reduce fatty acid oxidation and produce the increase in short chain fatty acids we have detected.
Experimental Animal husbandry
A single loxP site and a Neo cassette flanked by an additional loxP site and two Frt sites were introduced into the introns upstream and downstream of coding exon 4 in mice bearing a conditional Arntlfx allele as previously described [16] . Mice were fed on a standard chow diet prior to the study. Mice were kept under an artificial light/dark, day/night, cycle: Lights were turned on at T0 and off at T12. Sampling at T0 and T18 therefore reflects metabolism during the night whilst T6 and T12 reflects metabolism during the day. Mice were euthanized under infrared light for tissue collection under circadian time. Adipose tissues (50-100 mg wet weight) were dissected under light and frozen immediately in liquid nitrogen. Typically tissue was dissected within 1 minute post mortem. All procedures were kept constant between controls and Arntl -/-mice.
Studies were performed in accordance with the protocol approved by the University of Pennsylvania Institutional Animal Care and Use Committee. Mouse genotypes were assessed by PCR on genomic DNA from tail tips.
Extraction of metabolites
Tissue extraction was performed using a modified method to that described by Le Belle and co-workers [32] . For each tissue sample, 600 µl of methanol:chloroform (2:1 v/v) was added to 20 mg of frozen tissue. After being pulverised in a tissue lyser (Qiagen, UK) for 2 minutes at a frequency of 17 s -1 , the sample was sonicated for 15 minutes. Following this, 200 µl of chloroform and 200 µl of water was added, then centrifuged for 10 minutes at 13,000 rpm. The separated aqueous and lipid phases were collected. The procedure was repeated twice. The organic fraction was left to dry in the fume hood under nitrogen gas overnight and the aqueous fraction was dried in an evacuated centrifuge.
Analysis of the aqueous extract NMR spectroscopy
The dried extracts were dissolved in 600 µl D 2 O, containing 0.05 mM sodium-3-(tri-methylsilyl)-2,2,3,3-tetradeuteriopropionate (TSP) (Cambridge Isotope Laboratories, MA, USA) as an internal standard for both chemical shift and concentration. The samples were analysed using an AVANCE II+ NMR spectrometer operating at 500.13 MHz for the 1 H frequency (Bruker, Rheinstetten, Germany) using a 5 mm TXI probe. Spectra were collected using a solvent suppression pulse sequence based on a one-dimensional version of the nuclear Overhauser effect spectroscopy (NOESY) pulse sequence to saturate the residual 1 H water signal (relaxation delay = 2 s, t 1 increment = 3 us, mixing time = 150 ms, solvent presaturation applied during the relaxation time and the mixing time). One hundred and twenty-eight transients were collected into 16 K data points over a spectral width of 12 ppm at 27 ºC.
Analysis of the lipid extract by GC-FID and LC-MS
The lipid fraction was reconstituted in 400 µl chloroform/methanol (1:1 v/v) prior to analysis.
Gas chromatography flame ionization detector (GC-FID) analysis of total fatty acids
50 µl of D-25 tridecanoic acid (200 µM in chloroform), 650 µl of chloroform/methanol (1:1 v/v) and 125 µl BF 3 /methanol (SigmaAldrich) was added to 100 µl of the lipid extract. The samples were then incubated at 80 ºC for 90 min. 500 µl H 2 O and 1 ml hexane were added, the organic layer separated and dried under a stream of nitrogen as described previously [33] . The sample was reconstituted in 200 µl of hexane and analyzed on a Focus GC followed by the introduction of the eluent into a FID (Thermo Electron Corporation, Hemel Hempstead, UK). A TR-fatty acid methyl ester (FAME) stationary phase (GC) column (Thermo Electron; 30 m × 0.25 mm ID × 0.25 µm; 70% cyanopropyl polysilphenylene-siloxane) was used with a split ratio of 50. The injector temperature was 230°C and the helium carrier gas flow rate was 1.2 ml/min. The column temperature was 60°C for 2 min, increased by 15°C/min to 150°C, and then increased at a rate of 4°C/min to 230°C. Peaks were assigned using Food Industry FAME Mix (Restek 6098).
LC-MS analysis of intact lipids
50 µl of the original samples was added to a further 450 µl of methanol:chloroform (1:1 v/v). 10 µl was mixed with 1 ml of isopropyl alcohol (IPA):acetonitrile:water (2:1:1 v/v).
The samples were analyzed by LC-MS using a Waters quadrupoletime of flight (Q-ToF) G2 Xevo (Waters Ltd, Manchester, UK) interfaced with an Acquity Ultra Performance Liquid Chromatogram (UPLC). Five µl of the sample was injected onto a 1.7 µm bridged ethyl hybrid C8 column (2.1 × 100 mm; Waters Corporation, Manchester, UK) held at 55°C. The binary solvent system (flow rate 0.400 ml/min) consisted of solvent A which contained high performance liquid chromatography (HPLC) grade acetonitrile and water (60:40) with 10 mM ammonium formate) (solvents and chemicals from Sigma-Aldrich, Gillingham, Dorset) and solvent B HPLC grade acetonitrile:isopropanol (10:90) and 10 mM ammonium formate (solvents and chemicals from Sigma-Aldrich, Gillingham, Dorset)). The gradient started from 60% A/40% B, reached 99% B in 18 min, then returned back to the starting condition and remained there for the next 2 min. The data was collected over the mass range of m/z 100-1200 with a scan duration of 0.2 sec and an interscan delay of 0.014 s. The source temperature was set at 120°C and nitrogen was used as the desolvation gas (600 L/h) at 280°C. The voltages of the sampling cone and capillary were 30 V and 3 kV, respectively and collision energy 4.6 V. As lockmass, a solution of 2 ng/µl leucine enkephaline (m/z 556.2771) in 50:50 acetonitrile:water was infused into the instrument at 3 µl/min [34] . Lipids were identified to two different levels of specificity. Where identification was performed only using exact mass and chromatography these species are reported in terms of total number of carbons and double bonds on the species (e.g. TAG(48:3)). However, where fragmentation patterns allowed the fatty acids to be assigned these are reported specifying the individual fatty acids (e.g. TAG(18:0/ 18:1/ 18:2). Note these specifications do not assign a given fatty acid to a given position to the lipid backbone.
Data processing
NMR spectra were processed using ACD one-dimensional NMR processor (version 12, ACD, Toronto, Canada). Free induction decays were Fourier transformed following multiplication by a line broadening of 1 Hz, and referenced to TSP at 0.0 ppm. Spectra were phased and baseline corrected manually. Each spectrum was integrated using 0.01 ppm integral regions between 2.0 and 4.5, and 5.5-9.5 ppm. The spectral region for each sample was normalized such that the total sum of integrals for each sample was 1. For the integration of selected metabolites, Chenomx, version 7.0 (Chenomx, Edmonton, Canada) was used, using TSP as internal standard.
GC-FID chromatograms were analysed using Xcalibur, version 2.0 (Thermo Scientific), integrating each peak individually. Peaks were normalized such that the sum of peaks for each sample was 100.
LC-MS chromatograms were analysed using Micromass Markerlynx Applications Manager Version 4.1 (Waters Corporation). Peaks were normalized such that the sum of peaks for each sample was equal.
Multivariate analysis of metabolite profiles
Each set of metabolic profiles obtained were analysed by multivariate analysis. Datasets were imported into SIMCA-P 12.0 (Umetrics, Umea˚, Sweden) for processing using principal components analysis (PCA) and partial least squares discriminate analysis (PLS-DA; a regression extension of PCA used for supervised classification). Proton NMR spectroscopy and LC-MS data were Pareto scaled, in which each variable was centred and multiplied by 1/(S k )
1/2 where S k is the standard deviation of the variable. GC-MS data were scaled to unit variance by dividing each variable by 1/(S k ).
In each case, the following strategy was applied for the data analysis:
1. PCA and PLS-DA models were built to investigate the possible differences between Ad-Arntl −/− and control mice;
2. PLS-DA models were built comparing the different time points belonging to the same genotype, to investigate possible changes due to the day/night cycle; 3. When relevant, time trends for specific metabolites were built.
Validation of PLS-DA models were determined by considering the Q 2 score with a Q 2 >50% deemed a cut-off for a robust model. In addition we checked model validation by performing random permutation tests (where class membership is scrambled to produce Q 2 scores to compare with the true Q 2 score) and cross validation (CV)-analysis of variance (ANOVA) (ANOVA of the residuals of the cross validated Y scores). Students T-test, one-way ANOVA and two-ways ANOVA were also used, as appropriate, to assess the statistical significance of the metabolic differences.
Conclusions
In conclusion, we have used a combination of mass spectrometry and NMR spectroscopy to follow metabolic changes in white and brown adipose tissue in a mouse model where the clock gene Arntl was knocked out selectively in adipose tissue. Arntl induced global changes in both tissues which were distinct for the two tissue types. While ASWAT tissue was effected by a reduction in the degree of unsaturation of fatty acids, BAT changes were associated with a reduction in chain length. In addition the aqueous fraction of metabolites were profoundly affected by Arntl disruption, consistent with the dynamic role of this tissue in maintaining body temperature across the day/night cycle. 
